MnmE is a GTP-binding protein conserved between bacteria and eukarya. It is a dimeric three-domain protein where the two G domains have to approach each other for activation of the potassium-stimulated GTPase reaction. Together with GidA, in a heterotetrameric ␣ 2 ␤ 2 complex, it is involved in the modification of the wobble uridine base U34 of the first anticodon position of particular tRNAs. Here we show, using various spinlabeled MnmE mutants and EPR spectroscopy, that GidA binding induces large conformational and dynamic changes in MnmE. It stimulates the GTPase reaction by stabilizing the GTP-bound conformation in a potassium-independent manner. Surprisingly, GidA binding influences not only the GTPbut also the GDP-bound conformation. Thus GidA is a new type of regulator for a G protein activated by dimerization.
MnmE belongs to the class of guanine nucleotide-binding proteins (G proteins) that are involved in the regulation of many cellular processes such as protein biosynthesis, vesicular and nucleo-cytoplasmic transport, and signal transduction. It is a multidomain GTP-binding protein conserved between bacteria and eukarya and, together with the also conserved FADbinding protein GidA (also named MnmG), accomplishes the first step in the modification of the wobble uridine base at the first anticodon position of particular transfer RNAs (1) . Specifically, MnmE together with MnmE/GidA catalyzes the formation of a carboxymethylaminomethyl (cmnm) 4 group at the 5 position of the wobble uridine (U34) of tRNAs reading 2-fold degenerated codons ending with A or G in a number of bacteria ( Fig. 1 ) (2) (3) (4) . It has been shown that the presence of these two enzymes is sufficient for the formation of cmnm 5 U34 in vitro with albeit very slow kinetics and that the GTPase reaction is required (4, 5) . This modification (cmnm 5 U34) combined with thiolation at the 2 position favors the interaction with A and G but suppresses base pairing with C and U (6 -10) . Moreover, hypermodified U34 plays a regulatory role in gene expression (11) . The eukaryotic homologues of MnmE and MnmE/GidA (termed MSS1 and Mto1, respectively, in yeast) are targeted to mitochondria (12, 13) . The human homologues, hGTPBP3 and Mto1 have been implicated in the development of mitochondrial myopathies such as MERRF (myoclenic epilepsy ragged red fibers), MELAS (mitochondrial encephalomyopathy lactic acidosis stroke), and nonsyndromic deafness (14 -18) . Schemes depicting the tRNA modification reaction of MnmEGidA and its eukaryotic homologues are shown in Fig. 1 .
MnmE has been shown to be dimeric with each monomer consisting of three domains: an N-terminal domain responsible for constitutive dimerization, a central helical domain, and the G domain (1) . In contrast to Ras-like small G proteins, which require a guanine nucleotide exchange factor to drive the nucleotide exchange and a GTPase-activating protein to stimulate hydrolysis (19, 20) , MnmE is a G protein activated by dimerization (21) . G proteins activated by nucleotide-dependent dimerization display lower affinities toward nucleotides and have a higher intrinsic GTP hydrolysis activity, which in the case of MnmE is stimulated by the presence of K ϩ (1, 22, 23) . Although in the crystal structures of full-length protein, the G domains are more or less apart from each other, the structures of the isolated G domain in the presence of the transition state analogue GDP-AlF x (24) and potassium indicated that the G domains come close to each other and that the close juxtaposition rearranges the active site to a catalytic competent conformation. Here, K ϩ is responsible for dimerization and for stabilization of the transition state. This stabilizing effect is mediated by providing a positive charge into the catalytic site in an arginine finger-like manner (23) , as deduced from its localization found in the crystal structure of the isolated G domains with GDP-AlF 4 Ϫ of Escherichia coli MnmE, where it is coordinated by the K-loop of switch I, the phosphates, and AlF 4 Ϫ (23). The exact role of GTP hydrolysis in the modification reaction is still not clear, but it has been shown that the G domains have to
cycle between an open, dissociated conformation and a closed, dimerized conformation to drive the modification reaction, suggesting that conformational changes coupled to G domain dimerization are required to orchestrate the complex modification reaction (4) . However, the role of these structural dynamics for the activity of the other cofactor active sites (NADH and FAD sites on GidA; 5-formyl-THF-site on MnmE) is not known.
Conformational changes in proteins can be addressed by measuring the distances between sites appropriately located in the protein-protein complex under investigation. Site-directed spin labeling in combination with EPR techniques provide the means to measure distances between paramagnetic centers by quantifying dipole-dipole coupling. Double-electron electron resonance (DEER) spectroscopy (25, 26 ) is a pulse EPR technique with an accessible distance range of ϳ2-7 nm. This technique measures the dipole-dipole coupling frequency, which is inversely proportional to the cube of the distance, by monitoring the influence of a spin population excited by a 180°micro-wave pulse on the amplitude of a refocused echo of another spin population at a different microwave frequency.
Using EPR, we previously showed that the G domains adopt an open conformation in the nucleotide-free and the GDPbound states, an open-closed two-state equilibrium in the GppNHp-bound state (a stable triphosphate analogon; Fig. 2A) , and a closed conformation in the presence of GDP-AlF x (27) . In addition we corroborated the dependence of G domain dimerization on the presence of potassium, or more precisely of monovalent cations of a specific size, as suggested before by biochemical and fluorescence data (23) . Recapitulation of these data suggests a model for the G domain conformational states of the GTPase cycle as shown in Fig. 3A .
Based on recent studies with the E. coli proteins, it was further suggested that GidA and MnmE form a functional complex in which they directly cooperate instead of independently catalyze sequential steps in the modification reaction as previously stated (28, 29) . Site-directed mutagenesis data led to the conclusion that complex formation between MnmE (␣) and GidA (␤) most likely takes place by generating a 2-fold symmetrical ␣ 2 ␤ 2 heterotetramer in which the ␣-helical domain of MnmE and the last three C-terminal helices of GidA represent the main interprotein contact sites (29) .
GidA comprises three domains: (i) an FAD-binding domain and (ii) an NADH-binding domain, which are involved in the homodimerization of GidA, as well as (iii) a C-terminal domain that is in ideal geometry to interact with the helical domain of MnmE (29) . In a recent publication Meyer et al. (4) showed by fluorescence and biochemical techniques that GidA influences G domain dimerization and the GTPase reaction of MnmE and partly abolishes the potassium dependence described for the GTPase activity. The current model for the MnmE-GidA complex suggests that GidA is not in contact with the G domains but bound to the opposite side of the MnmE dimer (Fig. 3B) , indicating that GidA binding is communicated to the G domains by conformational changes in other parts of MnmE.
In the present study, applying site-directed spin labeling in combination with DEER spectroscopy to sites in the MnmE G domains and the ␣/␤ domains (Fig. 3B) , we provide direct evidence that GidA directly influences the switch cycle of MnmE by stabilizing both the GDP-and GTP-bound conformations. Furthermore, we demonstrate that the potassium dependence of G domain dimerization is largely abolished in the presence of GidA.
MATERIALS AND METHODS
Mutant Construction, Protein Preparation, and Spin Labeling-Cloning, expression, and purification of E. coli MnmE and GidA proteins (EcMnmE and EcGidA, respectively) and preparation of nucleotide-free MnmE was carried out as described elsewhere (4, 27) . GidA preparations, after the final purification step via gel filtration, do not contain FAD and NADH, as confirmed by UV absorption spectroscopy. Purified, nucleotide-free Cys mutants of E. coli MnmE-C451S were pre- treated with dithioerythritol (4°C). After removal of dithioerythritol, the protein solutions were incubated with 1-5 mM 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate spin label (MTSSL; Toronto Research, Alexis Biochemicals) for 16 h (4°C). The unbound free MTSSL was removed by gel filtration. The labeling efficiencies were determined to be Ͼ50% in all cases.
Fluorescence Stopped Flow Kinetics of mGppNHp BindingIn mGppNHp binding experiments, 60 M MnmE or preformed MnmE-GidA complex was mixed in a stopped flow apparatus (SM-17; Applied Photophysics) in a 1:1 ratio with 10 M mGppNHp, a fluorescently labeled stable GTP analogue. The mant fluorophor was excited at 360 nm, and the fluorescence time course was monitored through a 408-nm cut-off filter. The experiments were carried out at 20°C in 50 mM Tris, pH 7.5, 5 mM MgCl 2 , 2 mM dithioerythritol, and 100 mM of either NaCl or KCl.
Fluorescence Equilibrium Titration-Fluorescence equilibrium titrations to determine the dissociation constants (K D ) of spin-labeled mutant MnmE proteins and GidA was performed as described in Ref. 4 : GidA at a fixed concentration (ranging between 2 and 3 M) was titrated with spin-labeled mutant MnmE protein at 20°C in 50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 , 1 mM GDP using the quench of the GidA-bound FAD fluorescence (excitation, 450 nm; emission, 526 nm), and titration data points were fitted to a quadratic function.
MnmE-GidA Complex Preparation for EPR MeasurementsMnmE and GidA were mixed in a 1:1 molar ratio at protein concentrations between 200 and 500 M. According to the dissociation constants of 0.07 (with GppCp and KCl) to 3.0 M (in the presence of GDP and NaCl) determined for the MnmEGidA complex (4), the complex is always saturated at the protein concentrations used. Buffer conditions for the EPR experiments were 100 mM KCl or NaCl, 50 mM Tris-HCl, 5 mM MgCl 2 , pH 7.4, with 5% (v/v) ethylene glycol (for H 2 O buffer) or 12.5% (v/v) glycerol-d 8 (for D 2 O buffer), and 1 mM GDP, 1 mM GppNHp, or 1 mM GDP, 1 mM AlCl 3 , 10 mM NaF, respectively.
Continuous Wave EPR Measurements-Room temperature continuous wave (cw) EPR spectra were recorded using a Miniscope X-band benchtop EPR spectrometer (MS200; Magnettech GmbH, Berlin, Germany) equipped with a rectangular TE102 resonator fluxed with gaseous nitrogen to keep the temperature stable. The microwave power was set to 10 milliwatts, and the B-field modulation was set to 0.15 mT. 10 l of sample volume containing protein concentrations of 200 -500 M were filled in EPR glass capillaries (0.9-mm inner diameter).
Pulse EPR Measurements-Pulse EPR experiments (DEER) were accomplished at X-band frequencies (9.3-9.4 GHz) with a Bruker Elexsys 580 spectrometer equipped with a Bruker Flexline split-ring resonator ER 4118X-MS3 and a continuous flow helium cryostat (ESR900; Oxford Instruments) controlled by an Oxford Intelligent Temperature Controller ITC 503S.
All of the measurements were performed using the fourpulse DEER sequence: (25, 26) . A two-step phase cycling (ϩ ͳxʹ, Ϫ ͳxʹ) was performed on /2( obs ). Time tЈ is varied, whereas 1 and 2 are kept constant, and the dipolar evolution time is given by t ϭ tЈ Ϫ 1 . The data were analyzed only for t Ͼ 0. The resonator was overcoupled to Q ϭ ϳ100; the pump frequency pump was set to the center of the resonator dip and coincided with the maximum of the nitroxide EPR spectrum, whereas the observer frequency obs was 65 MHz higher, coinciding with the low field local maximum of the spectrum. All of the measurements were performed at a temperature of 50 K with observer pulse lengths of 16 ns for /2 and 32 ns for pulses and a pump pulse length of 12 ns. Proton modulation was averaged by adding traces at eight different 1 (27) .
RESULTS

Stopped Flow Analysis of mGppNHp
To further investigate whether GidA has a stabilizing effect on G domain dimerization, we followed the stopped flow kinetics of binding of the fluorescence-labeled stable GTP analogue mGppNHp ( Fig. 2A) to MnmE or to the MnmE-GidA complex in the presence of Na ϩ or K ϩ (Fig. 4) . For the isolated MnmE protein, an increase in the fluorescence amplitude indicates binding of mGppNHp (Fig. 4, black and red curves) . In contrast to experiments in the presence of GidA, the kinetics and the equilibrium fluorescence amplitude levels are almost equal in the presence of Na ϩ and K ϩ . For the MnmE-GidA complex a higher equilibrium fluorescence amplitude is observed (Fig. 4 , cyan and green curves) in comparison with the MnmE protein alone, which we attribute to G domain dimerization stabilized by GidA. The even higher fluorescence amplitude in the presence of K ϩ indicates that the effect of GidA and K ϩ on the closed state of the G domains is additive and that both components are required for full stabilization. This is well in line with the previously reported real time fluorescence analysis of transition state analogue binding by the MnmE-GidA complex (4) .
DEER Spectroscopic Analysis of the Conformation States of the G Domains in the MnmE-GidA
Complex-To gain direct structural information on the effect of GidA on the conformational states of the MnmE G domains and to specify and characterize the influence of GidA on the GTPase reaction of MnmE, we applied four-pulse DEER spectroscopy (25, 26, (31) (32) (33) to measure distances between nitroxide spin labels in the G domains of full-length EcMnmE together with EcGidA in different steps of the GTPase cycle. Residues mutated to cysteines for spin labeling with MTSSL are Glu 287 , close to the top of the G domain in G␣2; Ser 278 in switch II; and Asp 366 , located in G␣5, as shown in Fig. 3B . Introduction of a spin label results in two symmetry-related labels in the functional MnmE dimer. Furthermore, we labeled positions 95 and 105 in the N-terminal domain, for which no distance changes are expected. The calculated distances between these sites derived from the structures of the open state and the model of the closed state of MnmE are listed in Table 1 .
Previously it was established that no impairment of the GTPase activity in comparison with the wild type protein could be observed for any of the mutations with and without the bound spin label (27) . Intact complex formation between spinlabeled MnmE proteins and GidA was verified by determining the dissociation constants (K D ) for the spin-labeled, GDP-bound complexes with a previously established fluorescence titration assay (4) (supplemental Table S1 ). As previously shown the interaction between MnmE and GidA is drastically strengthened in the presence of triphosphate or transition state analogues, whereas K ϩ or Na Table S1 ). The fraction of complex is even higher in the nucleotide-free or GDP-AlF x /GppNHp-bound state, because the affinity is higher in these states (4) . The experimental distances given in the following represent interspin distances. Resulting from the conformational distribution of the spin label side chain (Fig. 2B) , this distance can deviate from the C␣-C␣ distance by 0.4 -1.2 nm (32), and this possible deviation has to be taken into account when the DEER distances are compared with the distances shown in Table 1 . 
Conformational Changes in MnmE upon
ϩ is slightly shifted to shorter distances (ϳ1 Å). Second, the distance distributions for position 105, both with Na ϩ and with K ϩ , become slightly narrower and more defined, as shoulders indicating the presence of two distinct spin label rotamers become visible. Third, for I105R1, the fraction at ϳ40 Å disappears upon binding of GidA, although we cannot exclude that the 40 Å distance peak for position 105 in the absence of GidA might be caused by insufficient background subtraction because of the short dipolar evolution time in this experiment. Nevertheless, changes caused by the presence of GidA are clearly visible from the dipolar evolution data. These results indicate that binding of GidA to MnmE also affects the structure of the N-terminal dimerization domain, but major structural rearrangements are not observed.
In contrast, the G domains of MnmE are strongly affected by the presence of GidA, and these effects are more pronounced in the presence of Na ϩ . Complex formation with GidA in the presence of Na ϩ leads to a significantly narrower and more defined distance distribution for the spin label attached at position 278, indicating that switch II becomes significantly more ordered in the presence of GidA. In addition, the mean distance is shifted to longer distances by ϳ10 Å, leading in combination with peak narrowing to a distance distribution almost identical to that found for K ϩ . The distance distributions for position 287 in G␣2 are almost not affected by the presence of GidA with K ϩ but are significantly shifted to longer distances by ϳ5 Å in the presence of Na ϩ . As a result, similar to the observation for S278R1, the distance becomes almost identical to that found for K ϩ . GidA in the presence of Na ϩ thus induces or stabilizes a "more open" conformation of the G domains, as it is normally observed for K ϩ . Interestingly, for position 366, located in G␣5, analysis of the DEER data obtained in the presence of GidA and K ϩ reveals a distance larger than 68 Å (because of the limited dipolar evolution time, it cannot be reliably quantified). Therefore, as can be seen also directly from the dipolar evolution traces, the distance between positions 366 in the MnmE dimer increases significantly in the presence of GidA, indicating structural changes in the G␣5 region.
GidA Stabilization of the On-Off Conformational Switch in the Presence of Potassium Ions-Consider-
ing the significant changes in the distance distributions in nucleotide-free MnmE upon binding of GidA, we wondered whether and how GidA would influence specific intermediate steps of the GTPase cycle, i.e. the GDP-, GppNHp-(a nonhydrolyzable GTP analogue), and the GDP-AlF x -bound (transition mimic) states.
The results of the DEER measurements in the presence of 100 mM KCl (left columns) or NaCl (right column) are shown in Fig. 6A . Comparison of the data in the absence (dashed lines) and presence (solid lines) of GidA reveals a clear influence of the latter on the relative positions of the MnmE G domains in all steps of the GTPase cycle. For mutant S278R1 in the presence of K ϩ , the data show that binding of GidA in the GDP-bound state induces a shift of the major distance peak from 46 to 50 Å and a strong reduction of the broad shoulder at smaller distances. The major effect of GidA is thus to stabilize the open conformation in the nucleotide-free and GDP-bound states.
The effect of GidA on the GppNHp state is even more pronounced but in the opposite direction. Here, MnmE-S278R1 shows a broad distance distribution ranging from 22 to 27 Å representing the G domains in the closed state, whereas another fraction exhibits an average distance of ϳ43 Å representing the open conformation. The latter distance peak disappears by the addition of GidA, showing that the equilibrium between the two states is shifted toward the closed state. Previously we showed that the G domains in the absence of GidA showed a dynamic equilibrium in the presence of GppNHp between the open (43 Å interspin distance) and the closed (27 Å) conforma- tion (27) . In the GDP-AlF x -bound state the equilibrium between open and closed state is no longer observed. In both cases the distance distribution is characterized by a single but asymmetric peak at ϳ28 Å, but the distribution width becomes broader and more symmetric in the presence of GidA.
Although the details differ, similar observations were made for mutant E287R1. The distance distributions for the apo and the GDP-bound state remain largely unchanged on GidA addition but slightly shift to shorter distances by ϳ1 (apo) or 2 Å (GDP). For the GppNHp conformation, the equilibrium between the two states with interspin distances of 35 and 51 Å is shifted toward the closed state, again demonstrating the effect of GidA on the MnmE G domains already in the GppNHpbound state. Complete association and juxtaposition of the G domains occurs only in the presence of GDP-AlF x , with no significant influence of GidA on the state of MnmE. There is a major population maximum with a distance of 35 Å, which is being shifted by ϳ1 Å to shorter distances by GidA. A minor fraction of proteins with a peak at 50 Å indicates a small population in the open state in both the presence and the absence of GidA. The differences observed for the GppNHp and GDPAlF x conformations of the two mutants is possibly due to a weak inhibitory effect of the E287R1 mutation on G domain dimerization, although both mutants exhibit a GTPase activity close to the wild type protein (27) .
GidA Abolishes the Potassium Dependence of G Domain Association in MnmE-Previously
we demonstrated that full G domain closure can only be reached in the presence of GDP, AlF x , and K ϩ (27) . The extent of AlF x -induced dimerization of the G domains correlates with the ionic radii of the cation present and its ability to stimulate GTP hydrolysis (23, 27) . Full dimerization is observed with K ϩ (r ϭ 1.38 Å), whereas similar size cations (Rb ϩ , 1.52 Å; NH 4 ϩ , 1.44 Å) lead to partial dimerization, and no dimerization is observed for significantly smaller (Na ϩ , 0.99 Å) or larger (Cs ϩ , 1.67 Å) ions. Recent biochemical data indicated that this dependence of the GTPase reaction on the presence of a specific cation of appropriate radius is partly abolished in the presence of GidA (4). To further characterize the cation dependence of G domain dimerization in the MnmE-GidA complex, we measured the mutants S278R1 and E287R1 in the apo-, GDP-, GppNHp-, and GDP-AlF x -bound states in the presence of Na ϩ (Fig. 6A , right panel) and compared them with the K ϩ data (left panel) described above.
For S278R1 in the GDP-bound state, the broad distance distribution from ϳ25-55 Å observed with Na ϩ converts to a defined distribution upon addition of GidA, with one major distance peak shifted by 4 Å to a more open conformation. This peak overlays well with the distance peak of the nucleotide-free state, which has also been shifted considerably by GidA. This behavior is almost identical to that observed with K ϩ , indicating that the structure of switch II in the GDP bound and nucleotide-free state is affected by GidA but does not depend on the presence of a specific cation. The distance distributions for the GppNHp and GDP-AlF x conformations again show remarkable shifts upon complex formation with GidA. Without GidA a broad distance distribution from 15 to 55 Å with a maximum at ϳ45 Å is observed in both states. Binding of GidA induces a shift of the major distance distribution to ϳ25 Å, indicating conversion to and/or stabilization of the closed conformation. Small peaks in the distance range from 35 to 55 Å indicate the presence of a small fraction of proteins in the open state.
The results for mutant E287R1 with Na ϩ are well in line with those obtained for S278R1. In the apo state the major distance peak is shifted by 7 Å to larger distances. In the presence of GDP, the mean distance remains basically unchanged with a significant increase in the distribution width. Comparison with the K ϩ data reveals that E287R1 and therefore G␣2 is influenced by GidA only if K ϩ is replaced by Na ϩ . In the GppNHp state, the equilibrium between the open and closed conformations is shifted toward the closed state, similar to the observation in the presence of K ϩ . Here the broad distance peak observed without GidA converts to a small narrow peak at 51 Å, the distribution width of which is smaller by a factor of 3. This indicates that, besides the shift of the equilibrium, the open conformation becomes more structured and that GidA in the presence of sodium stabilizes G␣2 in a similar way as K ϩ in the absence of GidA. In the GDP-AlF x -bound state after the addition of GidA, an equilibrium between the closed and open conformations can be observed, with a major distance peak at 35 Å and a smaller one at 52 Å. Compared with the results for S278R1, the fraction of MnmE dimers with G domains in the open state appears to be somewhat larger, being well in line with the observations in the presence of K ϩ . Comparisons for the two spin label positions in the ␣/␤ domain (K95R1, I105R1) of the apo state with the active, GDPAlF x -bound state in the presence of K ϩ and Na ϩ are shown in Fig. 7 . In general, the differences between the two states are minor, judged by comparison of the distance distributions as well as the dipolar evolution data, although a closer examination of the data reveals small differences for each mutant in the width of the distributions. Thus binding of GidA to MnmE induces changes in the structure and dynamics in MnmE, which are much more pronounced in the G domains as compared with the central ␣/␤ domain.
These results indicate that in the heterotetrameric protein complex formed by MnmE and GidA, the latter at least partially abolishes the requirement of K ϩ for dimerization of the G domains. In the presence of the nonhydrolyzable GTP analogue GppNHp, the distance distributions are characterized by a significant shift of the equilibrium toward the closed conformation of the G domains also in the absence of K ϩ . Moreover, in the presence of the transition state mimic GDP-AlF x and Na ϩ , where in MnmE alone the G domains are found solely in the open conformation, GidA induces formation of the closed G domain conformation. Compared with the distances characterizing the closed conformation in the presence of GppNHp, the population maxima are slightly shifted, and the distance distributions for the GDP-AlF x -bound state are marginally broader. As observed in the presence of K ϩ , the distance distribution of E287R1 comprises a second minor fraction with significantly larger distances, corresponding to the open conformation. This second fraction is much more pronounced in the presence of Na ϩ , implying the necessity of K ϩ to be present for a full stabilization of the closed conformation. Binding of K ϩ to the nucleotide-binding pocket structures a highly conserved segment in switch I, involved in the coordination of K ϩ , the so-called K-loop (23) , thereby enabling the K-loop to form a part of the G domain interface. Hence, the whole dimer interface is stabilized upon K ϩ coordination (23) . Nevertheless, within experimental error, the data for both spin label positions indicate that with GDP-AlF x in the presence of Na ϩ , the conformational equilibrium is shifted toward the closed state.
Association with GidA Alters Backbone Dynamics in MnmETo investigate whether the changes in the distribution widths especially in the presence of Na ϩ could be assigned to changes in protein dynamics or an altered motional freedom of the spin label side chain caused by structural changes in the protein, we compared the room temperature cw EPR spectra of the samples subjected to DEER. The spectra for S278R1 and E287R1 in the apo, GDP, GppNHp, and GDP-AlF x state for K ϩ and Na ϩ , respectively, are shown in Fig. 6B . Although in some of the cases slight changes of the spin label mobility upon binding of GidA to MnmE are visible (for E287R1 in the apo state, the spin label mobility is slightly decreased in the presence of GidA, indicated by an increased width of the central resonance line and larger amplitude of the leftmost spectral features; for E287R1 in the GDP-bound state, the contrary effects, corresponding to an increased spin label side chain mobility, are observed upon complex formation with GidA), there is no clear correlation between the changes in the DEER distance distribution widths and the mobility of the spin label in the cw spectra. In fact, in most of the cases, especially that where significant changes in the distance distribution widths are observed (e.g. position 278 with Na ϩ in the apo and GDP-bound states; Fig. 6A ), the cw spectra of MnmE with and without GidA are almost identical. This leads us to the conclusion that the observed changes in the distance distributions should be ascribed to changes in the mobility of the protein backbone, being on a time scale at or above the EPR rigid limit (Ͼ50 ns) rather than changes of the spin label side chain mobility and rotamer occupancy.
DISCUSSION
In bacteria, the modification of the wobble uridine of certain tRNAs is catalyzed by a heterotetrameric complex comprising the proteins MnmE and GidA. hGTPBP3 and Mto1, the human orthologues of the two enzymes, are responsible for the corresponding 5-taurinomethyl tRNA modification. In the absence of this modification, which can be due to mutation of one of the two enzymes, neurological disorders such as myoclenic epilepsy ragged red fibers, mitochondrial encephalomyopathy lactic acidosis stroke, and nonsyndromic deafness occur (14 -18) . The communication between MnmE and GidA is mandatory for both in vitro and in vivo activity of the complex (4, 28, 33, 34) , and although structural information is available for MnmE from different bacterial organisms and EcGidA, the exact role of the two proteins and specifically their interplay in the modification reaction remain largely unknown (1, 29, 33, 35) .
Here we have investigated the influence of GidA on the G domain dimerization taking place in the GTP-bound and the transition state mimic of the MnmE GTPase reaction cycle. The results demonstrate that interaction with GidA on a site remote from the G domains (Fig. 3B) , according to the present model (29) , stabilizes their activated GTPase competent dimer. Binding of GidA induces conformational changes in MnmE that in turn mediate dimerization of the G domains even in the absence of potassium ions, indicating that GidA binding significantly alters the relative localization of the G domains and thus acts as a co-stimulator of the GTPase reaction.
The assumption that GidA binds to a site opposite to the MnmE G domain dimerization interface implies that the presence of GidA is communicated to the G domains through the central ␣/␤ domains and/or the ␣-helical domains. Because we did not observe significant changes in the distance distributions for the two positions located in the ␣/␤ domain, communication most likely takes place via conformational changes of the ␣-helical domains, either by means of a structural rearrangement or a wing-like rigid body motion of the entire domain. The exact nature of these conformational changes is the subject of a current investigation.
We have shown by structural analysis using anomalous scattering from Rb, an efficient substitute of K, that a potassium ion is coordinated by the K-loop of the switch I region, the GTP phosphate chain, and Asn 266 in the P-loop. There it acts as the GTPase-activating factor in MnmE. Sodium was shown to be unable to replace potassium (23, 27) . Because the G domains of MnmE after dimerization and juxtaposition contain all of the necessary elements for catalysis, GidA can be considered to be a GTPase co-stimulator as recently defined by Gasper et al. (21) . The stimulation mechanism is different from that of GTPase-activating proteins for Raslike small G proteins, which supply a catalytic residue into the active site. The fact that G domain dimerization and GTPase activity can be induced by GidA even in the absence of potassium indicates significant structural rearrangements in this region. In the case of the E. coli proteins, GTP hydrolysis is 5-fold accelerated by GidA but 24-fold by potassium, whereas in presence of both components a 28-fold stimulation is observed (4). This indicates that K ϩ is much more potent to stimulate GTP hydrolysis than GidA. Hence, whereas GidA stabilizes the closed state of the G domains, potassium is still required to fully accelerate GTP hydrolysis.
Although the tRNA modifying reaction has been reconstituted in vitro (4, 17) , the reaction rates measured were still very slow, and the role and nature of the tetrahydrofolate substrate are not completely understood. The physiological nature and relative importance of potassium and GidA to the overall modification reaction and the role of the GTPase reaction are still unknown. The GTPase co-stimulator activity of GidA might be of larger importance in the human homologues, because hGTPBP3 was recently shown to have a very low intrinsic GTP activity compared with MnmE and is not activated in the presence of K ϩ , in contrast to the bacterial systems (17) . Our data reveal that GidA performs its stimulatory function by stabilizing the closed, GTPase competent conformation and/or by shifting the equilibrium between open and closed very strongly toward the latter. For the signal recognition particle and its receptor, another system of G proteins activated by nucleotide-dependent dimerization, similar effects caused by signal recognition particle cargo, the ribosome-nascent chain complex (RNC), have been described recently. The G domain cycle of signal recognition particle and its receptor has been reported to initially oscillate between the open and closed GTP-bound states via an early intermediate. The closed state converts then, accompanied by conformational changes, to a hydrolysis competent (active) closed state, to finally revert back to an open, GDP-bound state (36). Zhang et al. (37) showed that RNC stabilizes the early intermediate but disfavors the closed and active conformations, creating a time window in which the RNC can dissociate from the signal recognition particle-RNC complex. Although RNC effects only the open conformation rather than both the open and closed as found for the effect of GidA on MnmE, RNC and GidA nevertheless use the same basic principle, stabilization/ destabilization of G domain conformations to modulate the timing of the GTPase cycle for optimal function.
We have previously shown that MnmE and GidA form a heterotetrameric complex in the presence of both GDP and GTP, although the affinity is higher in the presence of nucleoside triphosphate (4) . As shown by the EPR experiments, GidA also influences the apo and particularly the GDP-bound conformation of MnmE. In the presence of sodium or potassium the G domains preferentially adopt a single, stable, and more open conformation and are far apart from each other. This shows that GidA is not a classical effector defined as a protein interacting with the GTP-bound form of the G proteins. It can thus be considered a new type of regulatory protein that acts on both ends of the switch cycle, presumably for a better coordination between the GTPase cycle and the enzymatic modification of tRNA.
